This pilot scale study evaluated the counting accuracy of two people counting systems that could be used in demand controlled ventilation systems to provide control signals for modulating outdoor air ventilation rates. The evaluations included controlled challenges of the people counting systems using pre-planned movements of occupants through doorways and evaluations of counting accuracies when naïve occupants (i.e., occupants unaware of the counting systems) passed through the entrance doors of the building or room. The two people counting systems had high counting accuracy accuracies, with errors typically less than 10%, for typical nondemanding counting events. However, counting errors were high in some highly challenging situations, such as multiple people passing simultaneously through a door. Counting errors, for at least one system, can be very high if people stand in the field of view of the sensor. Both counting system have limitations and would need to be used only at appropriate sites and where the demanding situations that led to counting errors were rare.
INTRODUCTION
Standards for minimum outdoor air ventilation rates in most types of buildings typically prescribe minimum ventilation rates per occupant. Some standards also include minimum ventilation rates per unit floor area. The minimum ventilation rate per occupant is intended to limit indoor concentrations of bioeffluents and other pollutants emitted at a rate that varies with occupancy. The minimum ventilation rate per floor area is designed to maintain acceptable indoor concentrations of pollutants emitted from other sources, such as building materials and furnishings. Because occupancy is variable, the total prescribed minimum ventilation rate varies over time. In traditional demand controlled ventilation systems, minimum outdoor air ventilation rates are modulated over time based on measured indoor concentrations of carbon dioxide (CO 2 ) which are proxies for the indoor concentrations of pollutants generated by occupants and their activities and also proxies for ventilation rates per occupant. The goal is to keep outdoor air ventilation rates at or above design or code requirements but to also adjust the ventilation rates with changes in occupancy in order to save energy by avoiding over-ventilation relative to requirements (Fisk and de Almeida 1998; Brandemuehl and Braun 1999; Emmerich and Persily 2001 ). An alternative to using CO 2 sensors is to count the number of people who enter and exit a building or section of a building and use the net count of people in the building or building section as an input to the ventilation rate control system. This document discusses pilot-scale evaluations of the accuracy of two people counting systems potentially usable for this application. This evaluation of people counting systems is motivated, in part, because the CO 2 sensors typically used for demand controlled ventilation frequently have large measurement errors (Fisk et al. 2009 ). In theory, discrete counting of events, such as detection of the movement of persons through a space, may be less subject to errors, e.g., sensor performance degradation over time, than CO 2 concentration measurements.
There are advantages and disadvantages of using people counting systems, relative to use of CO 2 sensors, for demand controlled ventilation. Advantages include fast time response -people counters respond immediately while CO 2 concentrations adjust over periods of minutes to hours after changes in occupancy. However, the delay in detecting occupancy with CO 2 sensors is sometimes considered desirable as CO 2 -based demand controlled ventilation systems respond to a proxy for the indoor concentration of occupant-generated pollutants which is what the demand controlled ventilation is designed to control. If desired, software can be used to add a lag in the response times of demand controlled ventilation systems to counts of people. Another advantage of people counting is that its performance is not subject to errors caused by the exhaled breath of people. The high CO 2 levels in exhaled breath of people located near a CO 2 sensor can cause the sensor to respond to a localized elevated CO 2 concentration as opposed to a room average CO 2 concentration. A disadvantage of people counting is that it must be accompanied by a system for measuring the flow rate of outdoor air provided by the building's heating, ventilating, and air conditioning (HVAC) system. Accurate measurement of outdoor air flow rates is often very challenging (Fisk et al. 2006) . CO 2 sensors are often used for demand controlled ventilation without having any measurement system for the outdoor air flow rate, although, in such applications, the HVAC system may be unable to accurately provide the minimum outdoor air supply per unit floor area specified in the applicable ventilation standard. Another disadvantage of people counting for demand controlled ventilation is that a larger number of people counters than CO 2 sensors may be necessary in small to moderate size meeting rooms with multiple doors. A people counter is required at each door while only a single CO 2 sensor may be needed. Finally, for accuracy, people counters require a small zone near the door in which occupants do not sit or stand, while CO 2 sensors are not subject to this restriction.
Optical people counting for demand controlled ventilation is a new technology. One of the products evaluated in this project was designed primarily for other applications, such as counting people entering a retail store for market-related purposes. The other technology evaluated is a prototype that is not yet available commercially. Consequently, this technology is likely to evolve and improve and its costs may decrease if production rates increase.
METHODS
People Counting System Number 1 (PCS1) uses thermal sensors (called cameras in installation literature), other electronics, and software to detect the movements of a warm human body in a field of view. Multiple sensors can be interconnected into an integrated counting system. The count of people passing through the field of view in both directions (i.e., in-count and out-count) is communicated to a connected computer system. In addition, low resolution thermal images of the moving people, insufficient for identification of individuals, can be viewed. Versions of sensors with different fields of view, represented by view angles of 20 o , 40 o , and 60 o are available, with the wider view versions designed for installation closer to the floor. Per the manufacturer's literature and discussions with the manufacturer, PCS1 is best suited for applications in which the sensors can be installed at a height of 3.5 m (11.5 ft) for a sensor with a 60 o view, which is the version of sensor chosen for testing. The minimum recommend height for the 60 o sensor is 3.05 m (10 ft). Sensor heights can be as large as 8.23 m (27 ft) for a sensor with a 20 degree view. Individual sensors can detect passage of people through 0.91 m to 3.05 m (3 ft to 10 ft) wide entrances. The sensor is to be installed indoors. The cost paid for the hardware used at a single door entrance was $1450 and the cost of the hardware for the multi-door entrance was $3400.
People Counting System Number 2 (PCS2) uses sensors, other electronics, and software to detect the movements of people through a doorway. A detailed description of the principles of operation of the system was not available. Multiple people counters can be interconnected into an integrated counting system. The count of people in the room increases when a person enters and decreases when a person exits and is communicated to a connected computer system via the BACnet communication protocol. Each counter has two closely spaced sensors. Normally, the counter increases or decreases the total count by full person-units; however, in some situations the total count may increase or decrease by a half person (presumably when only one sensor detects movement). Using software, settings can be modified to optimize counting for different applications. For example, one setting affects how long the person needs to be detected and another affects the size of the person required before the count is incremented. These can be adjusted from baseline settings if people are expected to move very rapidly through a doorway or if children, as opposed to larger adults, are to be counted. Other settings enable or disable halfcounts or disallow or enable the sensor's accumulated count to become negative. Per the manufacturer's literature, the sensors for PCS2 are only for use on interior doors 0.81 to 0.91 m (32 to 36 inch) wide with a normal, e.g., 2.0 m (80 inch) height. The counter is installed above the center of the door, on the side of the door opposite the zone of the door swing. The height of the installed counter should be 2.13 to 2.44 m (84 to 96 inch). The evaluated version of PCS2 was a prototype undergoing beta testing. As a commercial product is not yet available, not product cost was available.
PCS1 was evaluated when installed at a single-door entrance to a laboratory, at the two-door entrance to a conference room, and at a four-door-wide entrance to an office building. The total entrance width of the system of four doors was 4.8 m (15.8 ft). A single thermal sensor was employed at the interior door entrances and two interconnected thermal sensors were employed at the four door building entrance. The height of the installed sensors was as follows: 3.05, 3.10, 3.35, and 3.58 m ( 10, 10.2, 11, and 11.7 ft) at the single-door entrance to the laboratory, 3.5 m (11.5 ft) at the two-door entrance to a conference room, and 3.12 m (10.25 ft) m at the four-door entrance to the office building. The software allows the user to change the location of some lines in the field of view that must be crossed by the moving thermal image of a person to create an incount or out-count. The positions of lines were adjusted to maximize counting accuracy as people moved through the entrance during initial system checkouts. For example, at the twodoor entrance to the conference room most occupants turned left immediately after entering the room and the lines were adjusted to improve counting of people passing through a zone to the left of the doors.
PCS2 was evaluated when installed in accordance with the manufacturers' installation guidance at a single-door entrance of three rooms. Because the system was not intended for use at building entrance doors, no such tests were performed. The door widths were 0.91 m (36 inch) in all cases. Door heights were 2.10 to 2.16 m (83 to 85 inch) and the base of the sensor was approximately 5 cm (2 inch) above the top of the door. Only a single counter, not an integrated system of counters, was evaluated.
The evaluations assessed the accuracy of people counting used visual observations of people movement and record keeping to provide the reference counts. The evaluations included controlled challenges of the people counting systems using pre-planned movements of occupants through doorways and, in addition, evaluations of counting accuracy when naïve occupants (i.e., occupants unaware of the counting system) passed through the entrance doors of the building or room. The controlled challenges are identified in Table 1 . Some of the controlled challenges were highly demanding and may infrequently be encountered in practice. There were a few time periods when the person evaluating the systems were uncertain of actual people counts and data from these time periods were not utilized.
In the first controlled evaluation of PCS2 at the entrance door to Conference Room 1 and during its use in Conference Room 1 to count naive occupant movement through the door, the "start threshold" was set at 100, which was the preprogrammed setting when the unit arrived from the manufacturer. After discussing the initial test results with the manufacturer, the "start threshold" was set to 300 which is the normal default setting per the manufacturer. Thus, the controlled tests in Room 3 and the evaluations of counting of naive occupant passage through the door of Conference Room 2 were performed with the "start threshold" set at 300. This threshold affects the size of person required to trigger the counter with the setting of 100 better enabling the system to detect children and the setting of 300 normally used to detect adults. Other settings (e.g., event = 300, cross = 50) remained throughout the study with the default values preprogrammed in PCS2.
RESULTS
People Counting System Number 1. Table 1 provides a compilation of results of counting accuracy with controlled challenges of PCS1 at the single-door entrance to a laboratory. There were no counting errors when single persons walked through the door at a normal or very fast pace except when carrying an open or covered coffee cup containing hot water heated within the last few minutes to the boiling point or wearing a room temperature heavy winter coat with hood covering the head and with the person's hands in the coat pockets. Carrying a cup of hot water resulted in frequent over counting (i.e., the measured count was two when the correct count was one) while carrying a warm laptop computer held flat to the floor resulted in no errors. Wearing the room temperature winter coat resulted in frequent under counting, i.e., some of those who passed through the door were not counted. There were no counting errors when two persons walked through the door side-by-side but not touching each other; however, if one person had their arm over the shoulder of the other person the system sometimes produced an undercount. When two people walked through the door with the second closely following the first, there were no counting errors, but with three or five persons walking through the door in very close succession, there were some counting errors. Table 2 provides the results of a very similar set of tests with controlled challenges of PCS1 at the four-door entrance to an office building. The results are qualitatively similar to those of the tests from the single-door entrance of the laboratory except there was some undercounting when single persons exited through the door system at a normal or very fast pace. The accuracy of counting of naïve occupant passage through the lightly-used two-door of a conference room over multiple days of use is indicated by the numbers in Table 3 . In this application, counting errors were less than 10% for the total number of people who entered or exited through the door. However, when the net change in indoor occupancy was small (e.g., 15 occupants) the percentage error in counting of net change in occupancy could be high (46%) although the absolute error were still modest (e.g., 7 occupants). Table 3 . Counting accuracy of PCS1 system with naïve occupants passing through a two-door entrance to a conference room.
The accuracy of counting of naive occupant passage through the four-door entrance of the office building is indicated by the numbers in Table 4 . Because accuracy appeared to be reduced when the floor below the thermal sensors was illuminated and heated by sunlight, data were compiled for time periods with and without impingement of direct sunlight (determined visually) on the floor beneath the sensors. With no direct sunlight impinging on the floor, the errors in counting the number of people who entered or exited through the door were 13% or less. With direct sunlight on this section of floor, these errors were as high as -26%. As in the single door installation, when the net change in indoor occupancy was small the percentage error in counting of net change in occupancy was high (54%). Table 5 provides a compilation of results of counting accuracy of PCS2 with controlled challenges at the single-door entrance to Conference Room 1. There were no counting errors when single persons walked through the door at a normal pace, even when carrying cups of hot coffee or warm laptop computers. The counter failed to detect people wearing a room temperature winter coat with hood over their head and their hands in the pockets, but detected people without error when the winter coat had just been removed from a freezer. When a single person walked through the door at a very fast pace, the counter failed to register a count 25% of the time. When two people walked side-by-side through the door simultaneously, the counter normally registered only a one-person change in count. When three or five persons walked through the door following each other as closely as comfortable, the system under counted by 40% on average.
The results of controlled challenges of PCS2 installed at the entrance door of Room 3 are provided in Table 6 . The results are similar to those discussed above, but with better counting accuracy when a single person walked very quickly through the door (no errors) and when three or five person walked through the door at a normal pace following each other as closely as comfortable. *Room was size of a small meeting room but used for offices
The accuracy of counting of naïve occupant passage through the single door of Conference Room 1 is indicated by the numbers in Table 7 . Data are provided for 1.0 to 1.5 hour periods on four dates. Excluding data from a period when people were standing in the doorway, the errors in total counts of people entering or exiting the conference room ranged from 0% to -14% and averaged -5%. These errors in total counts reflect some over counting counteracted by some undercounting, thus, the percentage of counting events in which an error occurred was higher (0% to 20% with an average of 8%). On one date there was a period in which people stood for an extended period in the doorway because the meeting room was full. Total count errors were +29% for people entering and -50% for people exiting during this period but the number of imperfect accounts was as high as 171% of the correct count. -7% -3% 0% -8% 5% -5% 0% Imperfect counts* % 17% 8% 0% 4% 93% 15% 10% * Percentage of total events in which a counting error was noted. An event is the passage on one or more persons simultaneously or in close succession through the door, followed by a period with no persons passing through the door.
The accuracy of counting of naïve occupant passage through the single door of Conference Room 2 is indicated by the numbers in right most column of Table 7 . On this date, no occupants stood in the door, counting errors were -3% and 3% for people entering and exiting the room, respectively, and imperfect counts were 10% of total counts.
DISCUSSION

People Counting System Number 1
This pilot study of the PCS1 indicates that counting accuracy in some situations can be relatively high with errors on the order of 10%. However, relatively high counting errors occurred in the following demanding situations: 1) people carrying cups of hot coffee; 2) people following very closely behind each other when they pass through the door; 3) people in physical contact when passing through a doorway; 4) people wearing a room temperature winter coat with hood over their head, and 5) direct sunlight heating the floor located beneath the thermal sensors. The third and fourth of these situations are likely to occur infrequently, at least in most California climates. One could avoid using the PCS1 at locations where direct sun may heat the floor beneath the thermal sensors and the manufacturer indicated that changes in the type of floor matt or moving the detection lines further indoors from the door might have reduced these errors.
In planning the testing of PCS1 for office building applications, the required minimum sensor height of 3.05 m (10 ft) made the system impractical for many building and conference room entrances. The manufacturer is developing a system that can be installed at a lower height, but this system was not evaluated.
People Counting System Number 2
In the controlled challenges of PCS2, counting accuracy was high when single individuals passed through the doorway at a normal pace. Carrying warm objects such as hot coffee or a warm laptop computer did not lead to counting errors. The counter often did not detect a person wearing a room temperature winter coat with hood over their head, but such events are likely very rare for interior doorways. In the first set of controlled tests, there was a substantial undercounting in some highly challenging events such as persons walking through the door at a very fast pace, two people passing through the door simultaneously, and people passing through a door sequentially as closely as comfortable. The accuracy in some of these situations was higher in the second set of controlled challenges. These controlled tests were performed with volunteers as subjects who differed between the two sets of controlled experiments. The results may have differed because the subjects in the first and second set of controlled tests walked at different speeds or with different distances from others. Additionally, as discussed previously, the start threshold was modified between the two sets of controlled tests.
The accuracy of counting naïve occupants as they entered or exited Conference Room 1 and Room 2 was generally high, suggesting that the highly challenging events noted above are rare, but more data are necessary before drawing this conclusion. However, the counter was found to be unsuitable for situations in which people stood in the doorway. In the present studies, this occurred when all seats of the conference room were utilized and a seminar presentation was underway. This situation was not encountered is tests of PCS1.
PCS2 was easy to install and, based on the installation instructions, is usable in most interior doorways. The system does require that the building have a BACnet communication system, which limits its applicability in the current building stock.
General Observations
This pilot testing of people counting systems has several limitations that prevent any firm conclusions about the suitability of these systems for providing a control signal for demand controlled ventilation. The tests involved only a few sensors, new sensors, a few installation sites, and limited periods of testing. Also, with additional experience the positions of the "lines" that subjects must cross to trigger a count might be adjusted to improve accuracy of PCS1 and the aforementioned settings might be changed to improve the accuracy of PCS2 for specific applications. Based on the pilot findings, it is clear that both counting system have limitations and would need to be used only at appropriate sites and where the demanding situations that led to counting errors were rare. In evaluation of the utility of these people counting systems for demand controlled ventilation one must keep in mind the advantages and disadvantages of people counting that were discussed in the introduction to this report and that that the widely used alternative sensors for demand controlled ventilation (low cost carbon dioxide sensors) often have large errors.
No costs were available for the prototype PCS2. The cost of people-counting-based demand controlled ventilation with PCS1, relative to the cost of CO 2 -based demand controlled ventilation, will depend on the application. The price of the counting hardware for a single door entrance was $1450 while unit costs for single-point CO 2 sensors are typically $300 to $500. The California Title 24 code requires a minimum of one sensor per 930 m 2 (10,000 ft 2 ) of floor area where demand controlled ventilation is employed, thus, CO 2 sensor costs will be substantially lower for most small or moderate-size rooms if the minimum number of CO 2 sensors are installed. However, for full building applications the costs of CO 2 sensors at one or more sensor per 930 m 2 (10,000 ft 2 ) of floor area could exceed the cost of people counting hardware. Installation costs per sensor should be similar for both types of sensors. People-counting-based demand controlled ventilation systems require a measurement system for the outdoor air intake rate which can be costly and inaccurate. CO 2 -based demand controlled ventilation is normally utilized without a system for measuring outdoor air intake flow rates, although, because such measurement systems are absent, minimum ventilation rates per unit floor area may often be poorly controlled. The relative costs will also depend on sensor lifetimes, which are currently unknown for both people counters and CO 2 sensors. Finally, the effectiveness of the systems in controlling minimum ventilation rates will have a large impact on their cost effectiveness. Field studies have found that many of the CO 2 sensors used for demand controlled ventilation have large errors (Fisk et al. 2009 ). Thus, CO 2 -based demand controlled ventilation is frequently not providing the desired level of control of ventilation rates. This scale and scope of this pilot study was too small for firm conclusions about the energy savings potential of demand controlled ventilation based on people counting; however, the findings from this pilot study are sufficiently promising to indicate that further investigations of people counting are warranted.
